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(54) Vehicle yaw control method 

(57) A vehicle yaw control method utilizing differen- 
tial braking of the vehicle wheels to impart a desired 
yaw moment on the vehicle, the vehicle having a pair of 
un-driven wheels, the method comprising the steps of: 
measuring speeds of the un-driven wheels of the vehi- 
cle (28, 30, 32, 34); estimating a yaw rate of the vehicle 
based on a difference between the measured speeds 
(134); analyzing known vehicle parameters including 
the measured wheel speeds, a yaw error based on devi- 
ation of the estimated yaw rate from a desired yaw rate, 
vehicle steering angle, and presence of driver braking to 
determine when the estimated yaw rate is valid and 
when the estimated yaw rate is invalid (104); differen- 
tially braking the vehicle wheels to impart a yaw 
moment based on the deviation of the estimated yaw 
rate from the desired yaw rate when the estimated yaw 
rate is determined to be valid (1 08, 1 1 0, 1 1 2, 1 1 4, 1 1 6) ; 
and differentially braking the vehicle wheels to impart a 
yaw moment based on the desired yaw rate without 
regard to the estimated yaw rate when the estimated 
yaw rate is determined to be invalid (118, 120, 114, 
116).. 
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Description 

[00011 This invention relates to vehicle yaw control method. . . rvm 

0002 Chassis control technology has achieved noteworthy progress, thanks to advancements in sensing and I com- 
SteSn^ogies as we., as advances in estimation and contro. theory Thfe has permitted the > des.gn of ^ con- 
trol systems usTng active means to achiev a more maneuverabl vehicle. One such enhancement is the control and 
isSJrrtofthe^ 

alSaccelerometer.andayaw rate sensor todeviseayaw rate feedback ^ B ^f e ^P"^ °t^ e ^ 
em sensors, especially the yaw rate sensor, is still high, this technology is limited to a small number of vehides. Wh le 
Se vS yawS can be computed as a function of the measured speeds of the u,*dnven wheels, the est mate fa is 
to faLlly track the actual vehicle yaw during braking or when the vehicle exhibits an oversteer corri^What .s 
deled isayaw control that does not require a yaw sensor, but that can reliably control yaw even dunng condrt.ons that 
degrade the validity of the estimated or computed yaw. 

r00031 It is an object of this invention to provide a vehicle yaw control method according to claim 1 . 

0004 AnaSgeprov^ 

sensor wherein the validity of an estimate of vehicle yaw is determined and used to select an appropriate control meth- 
odo^TSng to an Lmp.e of this invention, the vehicle yaw is estimated based on the measured speeds of ttie 
unSn TeeJs of the vehida and various other conditions are utilized to deterrrdneij the estimated yaw rate is vak. 
forcontrol purposes. When His determined that the estimated yaw rate is valid, a closed-to^ yaw rate f^ 
strSgy is employed, whereas in conditions under which it is determined that the estimated yaw rate is not valid, a dif- 
ferent control strategy, such as an open-loop feed-forward control of vehicle yaw. is employed. 
Si Accordinglo an example of the invention, the validity of the estimated yaw rate is judged based on a logics 
Sis S me mLiired wheel speed information, braking information, and steering wheel angle. The measured 
£2 a I the driven wheels are used to compute an average un^en wheel speed and an ; 
wheel acceleration. The operator steering angle and the vehicle velocity may be used to determine a desred yaw rate. 

5 wed to the yaw estimate to find a yaw rate enor. Based on 

whether toeTstimated yaw rate is valid, and selects an appropriate control methodology in accordance w,th the deter- 

ESo06]° n The present invention is now described by way of example with reference to the drawings in which: 

Figure 1 is a diagram of a vehicle including an electronic controller and associated input and output devices consti- 
tuting a control system for carrying out an active brake control utilizing an example vehicle yaw control method of 

Hgl'Ie'a'isTmain flow diagram representative of computer instructions executed by the electronic controller of Fig- 
35 ure 1 in carrvinq out an example control of this invention; ~ 

Figure 3 is flow diagram of an interrupt service routine executed by the electronic controller of Figure 1 to determine 
the validity of an example yaw estimate according to this invention; 

Figures 4-1 0 are example flow diagrams setting forth further detail regarding the various flow diagram steps of Fig- 
ure 3- Figure 4 is directed to an example Brake Disturbance status check; Figure 5 is directed to an examp e 
Straight-Line status check; Figure 6 is directed to an example Yaw Rate Error status check; Figu re 7 '^ected to 
an example Onset of Nonlinear Operation status check; Figure 8 is directed to an example ^ Disturbance ^His- 
tory status check; Figure 9 is directed to an example Spin Detection status check; and Figure 10 is directed to an 
example Yaw Rate Valid status check. 

[0007] Figure 1 depicts a mechanization of an example active brake control according to this invention on a vehicle 
0. The vehicle 10 includes a brake system having a micro-processor based controller 68 for controlling the brakes 20. 
22 24 26 of the respective wheels 1 2. 1 4. 16. 18. The controller 68 receives various inputs, including wheel speed «g- 
nais on lines 36. 38. 40. 42 from respective wheel speed sensors 28. 30. 32. 34; a brake pedal travel ^l on 'ine 83 
from pedal travel sensor 82;asteering wheel anglesignal on line 62 from angle sensor61;anda^^^^ 
sure signal on line 96 from the pressure sensor 94. Thesensors 28, 30. 32. 34. 61. 82. 85. 94 maybe implemented with 
conventional devices in a manner known to those skilled in the art. ^^n- fi o 

[0008] Under certain conditions such as wheel lock-up or spinning, or lateral non-lmear opera ton. the ™*oHer 68 
modif ies the normal braking of one or more wheel 12. 14. 16. 18 via the respective actuators 52. 54. 56. 58 in order to 
S ra dei J Overall operation of the vehicle. In an incipient lock-up condition, the controller 68 commands one or 
Teo^Z^^s) 52. 54. 56, 58 to modulate the brake force <^*££££^ 
the condition. In a wheel slip condition, the controller 68 commands one or more of the respective act "^)52J4. 
56. 58 to develop brake force at the slipping wheel(s). In a case of lateral non-linear operation, the controller 68com- 
mands one or more of the respective actuator(s) 52. 54. 56. 58 to selectively increase or decrease the brake forces gen- 
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erated at the various wheels 12. 14, 16. 18 to produce a commanded yaw; the control may be carried in a two-channel 
system in which only the fr nt brakes 20. 22 are controlled, or a four^hannel system in which all four brakes 20, 22, 24, 
26 are controlled. Exemplary actuators are shown and described in detail in the U.S. Patent No. 5.366.291 . assigned to 
the assign e of the present invention. 

[0009] A main flow diagram for carrying out a control according to an example of this invention is depicted in Figure 
2 The block 1 00 designates a series of initialization instructions executed at th initiation of vehicle operation for appro- 
priately setting the initial condition or state of the various terms and flags referred to below. After reading the various 
sensor inputs at block 102, the block 104 is executed to determine the status of the YAW VALID FLAG. The status of 
the YAW VALID FLAG indicates whether the estimated yaw value is considered to be valid, and the status of the flag is 
periodically determined by the interrupt service routine of Figure 3. described below. 

[00101 If the estimated yaw rate is considered to be valid (i.e.. YAW VALID FLAG = 1). the blocks 106-1 12 are exe- 
cuted to determine a closed-loop yaw command. Block 106 determines a desired yaw value for the vehicle based on 
various inputs including the vehicle speed and the measured steering wheel angle. Block 1 08 determines the yaw error 
based on the deviation of the yaw estimate from the desired yaw rate. Block 1 1 0 determines a yaw rate command based 
on the yaw rate error and suitable gain factors, and block 1 1 2 decides if active brake control is warranted based on pre- 
defined entry and exit conditions. 4 . 
[001 1] If the estimated yaw rate is considered to be invalid (YAW VALID FLAG = 0). the blocks 1 18-120 are executed 
to determine an open-loop or feed-forward yaw command based on various inputs including the vehicle speed and the 
measured steering wheel angle. For example, a desired yaw rate value Q^s may be determined according to the 
expression: 

a d es = V x 6/(L + K u V x 2 ) (D 

where L is wheel base of the vehicle, and Ku is an understeer coefficient, and the yaw command may be determined 
with conventional proportional and derivative control gains. Block 120 decides if active brake control is warranted based 
on predefined entry and exit conditions, which may differ from the entry and exit conditions designated at block 1 1 2. 
[0012] Finally, block 114 carries out an algorithm for distributing braking forces between the left and right vehicle 
wheels, and block 1 16 applies corresponding brake control signals to the brake actuators 152-158. Preferably, braking 
is only applied to the driven wheels of the vehicle so as to not corrupt the yaw estimate. Various brake distribution strat- 
egies may be utilized, exemplary strategies being disclosed in the U.S. patent applications Serial No. 08/654,982 and 
Serial No. 08/732,582, both of which are assigned to the assignee of the present invention. 
[0013] As indicated above. Figure 3 is a flow diagram for an interrupt service routine which is executed in response 
to a periodic interrupt request to determine the status of the YAW VALID FLAG. Block 132 designates input signal 
processing such as filtering of the wheel speed signals to reject noise or unwanted information. The yaw rate is then 
estimated as a function of the left and right uneven wheel speeds <o, and co, and the trackt of the vehicle, as indicated 
at block 134. In the usual application, the vehicle has a front-wheel drive powertrain, and the un-driven wheels are the 
left and right rear wheels 16 and 18. In the illustrated embodiment the estimated yaw rate w e »s determined according 
to the expression: 

(2) 



V 6 



f 



[0014] Block 136 then determines the simple arithmetic average co^ of speeds of the uneven wheels, and block 
138 estimates the average acceleration a avg of the un-driven wheels. The average acceleration a avg may be estimated 
as a function of current and previous speed and acceleration values according to the following expression, where the 
designation (k) refers to the current control loop, and the designation (k-1) refers to the prior control loop: 

i„W-a-rff f )i"^-iH^f««(*)+^«( fc - 1 ) (3) 

a^(k)^a x (k^)+Tg 2 ((o av {k)^ av (k^ (3) 

where T is the sampling time or period, and the gain terms and g 2 are given by the following expressions: 

gi =2?(27cf n ),andg 2 = (2nf n ) 2 (4) 

where ? is the desired damping ratio, and f n is the desired bandwidth. The damping ratio * governs the convergence of 
the estimated and true acceleration, while the bandwidth f n determines the maximum frequency content of the acceler- 
ation to be included in the estimation. 

[001 5] Blocks 1 40-1 52 are then executed to determine the status of a number of flags which indicate the presence or 
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absence of various predefined operating conditions relevant to the validity of the yaw rate determined at block 134. 
Block 140 concerns the status of a Brake Disturbance flag (BK-DIST FLAG), described in detail below in reference to 
the flow diagram of Figure 4. Block 142 concerns the status of a Straight Line flag (ST-LINE FLAG), described in detail 
below in reference to the flow diagram of Figure 5. Block 146 concerns the status of a Yaw Error flag (YAW-ERR FLAG). 

5 described in detail below in reference to the flow diagram of Figure 6. Block 148 concerns the status of An Onset of 
Non-linear Operation flag (IN STAB FLAG), described in detail below in reference to the flow diagram of Figure 7. Block 
150 concerns the status of a Brake Disturbance History flag (BK-DIST HIS FLAG), described in detail below in refer- 
ence to the flow diagram of Figure 8. Block 152 concerns the status of a Spin Detection flag (SPIN FLAG), described 
in detail below in reference to the flow diagram of Figure 9. Finally, block 1 54 concerns the status of the Yaw Rate Valid 

w flag (YAW-VALID FLAG) referred to at block 1 04 of the main flow diagram of Figure 2, and is detailed below in reference 
to the flow diagram of Figure 10. 

[001 6] The Brake Disturbance flag (BK-DIST FLAG) is intended to indicate the presence of a brake disturbance. This 
flag is used in determining the status of the Brake Disturbance History flag (BK-DIST HIS FLAG) described below in 
reference to the flow diagram of Figure 8. If the service brakes are applied, as determined at block 160 of Figure 4, 

15 blocks 162-164 are executed to initialize a timer or counter referred to herein as the Brake Disturbance Timer (BK-DIST 
TMR) to a predetermined value, designated as BKTIME, and to set the BK-DIST FLAG -1. Once the brakes are 
released, the blocks 166-168 are executed to decrement the Brake Disturbance Timer at each interrupt until the timer 
value has been decremented to zero. At such point, block 1 66 will be answered in the affirmative, and block 1 70 is exe- 
cuted to set BK-DIST FLAG = 0. Thus, the BK-DIST FLAG is set at the initiation of braking, and reset a predefined time 

20 after the brakes have been released. 

[001 7] The Straight Line flag (ST-LINE FLAG) is intended to indicate whether the vehicle 1 0 is heading straight; that 
is, not turning, This flag is used in determining the status of the SPIN flag (SPIN FLAG) described below in reference 
to the flow diagram of Figure 9. If the steering wheel angle (SWA) in either direction is less than a reference angle 
(SWA^O and the estimated yaw rate \j/ 0 in either direction is less than a reference rate v^ 1t as determined by blocks 

25 180 and 182 of Figure 5, the block 184 is executed to increment a timer or counter referred to herein as the Straight 
Line Timer (ST-LINE TMR). Otherwise, block 186 is executed to reset the Straight Line Timer to zero. So long as the 
value or count of ST-LINE TMR is less than a reference time designated as SLTIME, as determined at block 188, the 
block 192 sets the ST-LINE FLAG = 0. Once the value or count of ST-LINE TMR exceeds SLTIME, the block 190 sets 
the ST-LINE FLAG = 1. Thus, the ST-LINE FLAG is maintained in a reset (0) condition until straight line driving condi- 

30 tions (steering wheel angle and yaw) have been established for a predefined period of time. 

[001 8] The Yaw Rate Error flag (YAW-ERR FLAG) is intended to indicate whether the vehicle 1 0 is in a linear operating 
region, based on the deviation of the estimated yaw value y e from the desired yaw value determined at blocks 106 or 
118. This deviation, referred to herein as the yaw error, or \f/ ern is determined at block 198 of Figure 6. If the yaw error 
ijf err in either direction is at least as great as a threshold error \j, th2 , as determined by block 200. the blocks 202 and 

35 204 are executed to set the YAW ERROR FLAG = 0. and to reset a timer or counter referred to herein as the Yaw Error 
Timer (YAW-ERR TMR). If the yaw error is within the threshold error, blocks 206-208 increment the Yaw Error Timer at 
each interrupt until the value or count reachis a predefined time designated as YETIME. At such point, the block 210 
sets the YAW-ERR FLAG = 1. Thus, the YAW-ERR FLAG is maintained in a reset (0) condition until a linear operating 
condition (based on yaw error) has been established for a predefined period of time. This flag is used in determining the 

40 status of the Brake Disturbance History and Spin flags described below in reference to the flow diagrams of Figures 8 
and 9, respectively. 

[0019] The Onset of Non-linear Operation flag (INSTAB FLAG) is intended to indicate the presence of a condition in 
which the vehicle 10 has a tendency to enter non-linear operation, based on the average acceleration a avg of the un- 
driven wheels. As noted below in reference to Figure 10, the YAW VALID FLAG is reset to zero H INSTAB FLAG = 1 , 

45 indicating the presence of such a condition. If the average acceleration a avg in either direction is within a threshold 
acceleration a^ as determined by block 220 in Figure 7, the blocks 222 and 224 are executed to set the INSTAB FLAG 
■ 0, and to reset a timer or counter referred to herein as the Acceleration Timer (ACCEL TMR). If the average acceler- 
ation is outside the threshold, blocks 226-228 increment the Acceleration Timer at each interrupt until the value or count 
reaches a predefined time designated as ACTIME. At such point, the block 230 sets the INSTAB FLAG = 1. Thus, the 

so INSTAB FLAG is maintained in a reset (0) condition until the average acceleration of the un-driven wheels exceeds a 
threshold for a predefined period of time. 

[0020] The Brake Disturbance History flag (BK-DIST HIS FLAG) is intended to indicate the presence of braking that 
would corrupt the yaw rate estimate of expression (2), above. As noted below in reference to Figure 10. the YAW VALID 
FLAG is reset to zero if BK-DIST HIS FLAG = 1, indicating the presence of such braking. If the BK-DIST FLAG 
55 described above in reference to the flow diagram of Figure 4 is set, as determined at block 232 of Figure 8, the block 
234 is executed to set BK-DIST HIS FLAG = 1. If the BK-DIST FLAG = 0, indicating that the brakes have been released 
for a predefined time, the blocks 236-240 are executed to determine if th BK-DIST HIS FLAG should be reset, based 
on the average speed and acceleration of the un<lriven wheels, and the status of the YAW-ERR FLAG, described above 

J 
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in reference to the flow diagram of Figure 6. If the average speed © avg is greater than a threshold speed co^, and the 
average acceleration a avg in either direction is less than a threshold acceleration a m2 or the YAW-ERR FLAG =1 (indi- 
cating the presence of a linear operating condition), the block 242 is executed to set BK-DIST HIS FLAG = 0. Thus, the 
BK-DIST HIS FLAG is set as soon as the brakes ar applied, and reset after the brakes have been released for a pre- 
5 defined period of time, and the average un-driven wheel speed is greater than a reference, and the average accelera- 
tion and yaw error are indicative of linear operation of the vehicle. 

[0021] The Spin flag (SPIN FLAG) is intended to indicate the occurrence of a vehicle spin-out As noted below in ref- 
erence to Figure 10, the YAW VALID FLAG is reset to zero if SPIN FLAG = 1. indicating the occurrence of such a con- 
dition. If the average speed © avg of the un-driven wheels is less than a threshold speed 0^3, and the average 

10 acceleration a avg in either direction is greater than a threshold acceleration a th 3. as determined at blocks 250-252 in 
Figure 9. the block 254 is executed to set SPIN FLAG = 1 . Blocks 256-262 then determine if the SPIN FLAG should be 
reset to zero. To clear or reset the flag, three conditions must be met. The first condition, determined by blocks 256-258, 
requires that either the YAW-ERR FLAG = 1 (low yaw error), or that the ST-LINE FLAG = 1 (straight vehicle heading). 
The second and third conditions, determined by blocks 260-262 require that the average speed o^g of the un-driven 

15 wheels is greater than the threshold speed 0^3, and that the average acceleration a^g in either direction is less than 
the threshold acceleration 3^3 - i.e., the opposite condition defined by blocks 250-252. If all three conditions are met, 
the block 264 is executed to set SPIN FLAG = 0. Thus, the SPIN FLAG is set if the average speed and acceleration 
values are indicative of a spin-out condition, and reset if the average speed and acceleration values and the states of 
the Yaw Error and Straight Line flags indicate linear operation. 

20 [0022] The status of the Yaw Valid flag, determined by the flow diagram of Figure 1 0, depends on the status of the 
Brake Disturbance History, Spin and Onset of Non-linear Operation flags. If any of these flags are set, as determined 
at blocks 270-274, the block 276 is executed to set the YAW-VALID FLAG = 0, indicating that the yaw estimate deter- 
mined at block 134 of Figure 3 should not be used for yaw control; in this case, the open-loop control based on blocks 
1 1 8-1 20 is utilized, as described above. If each of the Brake Disturbance History, Spin and Onset of Non-linear Opera- 

25 tion flags are reset to zero, the block 278 is executed to set the YAW- VALID FLAG = 1 , indicating that the yaw estimate 
determined at block 134 of Figure 3 should be used for yaw control; in this case, the closed-loop control based on blocks 
106-1 12 is utilized, as described above. 

[0023] In summary, an advantage provided by an example of this invention is a low-cost vehicle yaw control that does 
not require a yaw sensor. An estimate of yaw based on the speeds of the un-driven wheels of the vehicle is utilized for 
30 closed-loop control of yaw so long as a logical analysis of other parameters including the un-driven wheel speeds, esti- 
mated yaw error, braking and steering wheel angle indicates that the yaw estimate is valid. When the logical analysis 
indicates that the yaw estimate is no longer valid, an alternate control that does not require yaw feedback (such as the 
disclosed open-loop feed-forward control) is utilized for control of yaw. 

35 Claims 

1 . A vehicle yaw control method utilizing differential braking of the vehicle wheels to impart a desired yaw moment on 
the vehicle, the vehicle having a pair of un-driven wheels, the method comprising the steps of: 

40 measuring speeds of the un-driven wheels of the vehicle (28, 30, 32, 34); 

estimating a yaw rate of the vehicle based on a difference between the measured speeds (134); 
analyzing known vehicle parameters including the measured wheel speeds, a yaw error based on deviation of 
the estimated yaw rate from a desired yaw rate, vehicle steering angle, and presence of driver braking to deter- 
mine when the estimated yaw rate is valid and when the estimated yaw rate is invalid (104); 

45 differentially braking the vehicle wheels to impart a yaw moment based on the deviation of the estimated yaw 

rate from the desired yaw rate when the estimated yaw rate is determined to be valid (108, 110, 112, 114, 116); 
and 

differentially braking the vehicle wheels to impart a yaw moment based on the desired yaw rate without regard 
to the estimated yaw rate when the estimated yaw rate is determined to be invalid (118, 120, 1 14. 116). 

50 

2. The vehicle yaw control method according to Claim 1, wherein the desired yaw rate is determined based on the 
vehicle steering angle, the vehicle velocity, and a desired understeer of the vehicle (106). 

3. The vehicle yaw control method according to Claim 1 , wherein the step of analyzing known vehicle parameters to 
55 determine when the estimated yaw rate is valid and when the estimated yaw rate is invalid includes the step of: 

determining that th estimated yaw rate is invalid in respons to an indication that driver braking is present 
(140). 
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4. The vehicle yaw control method according to Claim 3. wherein the indication that driver braking is present is main- 
tained for a predefined period of time after driver braking is no longer present (160, 166. 168, 170). 

5. The yaw control method according to Claim 1 , wherein the step of analyzing known vehicle parameters to deter- 
mine when the estimated yaw rate is valid and when the estimated yaw rate is invalid includes the step of: 

determining that the estimated yaw rate is invalid in response to an indication that the vehicle is in a spin-out 
condition (152). 

6. The yaw control method according to Claim 5, including the steps of: 

computing an average of the measured wheel speeds (136), 

computing an average acceleration of the un-driven wheels based on the computed average of the measured 
wheel speeds (138); 

generating the indication that the vehicle is in a spin-out condition when the computed average of the meas- 
ured wheel speeds is less than a predefined speed threshold and the computed average acceleration is 
greater than a predefined acceleration threshold (250. 252, 254). 

7. The vehicle yaw control method according to Claim 6, wherein after the indication that the vehicle is in a spin-out 
condition has been generated, it is maintained even though the computed average of the measured wheel speeds 
is greater than the predefined speed threshold and the computed average acceleration is less than the predefined 
acceleration threshold rf the steering angle or yaw error fail to fall within predefined thresholds for a predefined 
period of time (256, 258). 

8. The vehicle yaw control method according to Claim 1 , wherein the step of analyzing known vehicle parameters to 
determine when the estimated yaw rate is valid and when the estimated yaw rate is invalid includes the step of : 

determining that the estimated yaw rate is invalid in response to an indication that the vehicle has a tendency 
to enter non-linear operation ( 1 48) . 

9. The vehicle yaw control method according to Claim 8, including the steps of: 

computing an average of the measured wheel speeds (1 36), 

computing an average acceleration of the un-driven wheels based on the computed average of the measured 
wheel speeds (138); 

generating the indication that the vehicle has a tendency to enter non-linear operation when the computed 
average acceleration is greater than a predefined acceleration threshold for at least a predefined period of time 
(220, 226, 228, 230). 

10. The vehicle yaw control method according to Claim 9, wherein the indication that the vehicle has a tendency to 
enter non-linear operation is terminated when the computed average acceleration is falls below the predefined 
acceleration threshold (220, 222, 224). 
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